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INTRODUCTION
Anthropogenic activities are rapidly enhancing the concentrations of greenhouse gases in the atmosphere. Indeed, the atmospheric concentrations of CO 2 , CH 4 and N 2 O are now 40%, 150% and 20% higher than in the pre-industrial era, causing ongoing climate change (Pachauri et al. 2014; Pörtner et al. 2014; Tian et al. 2016) . The oceans can buffer the impacts of global climate change acting as sink for CO 2 and by absorbing the heat produced by the greenhouse effect (Reid et al. 2009 ). However, this is altering their temperature, oxygen content, pH and salinity, as well as patterns of particulate organic carbon (POC) fluxes to the seafloor, with multiple effects on the marine biota (Doney et al. 2011; Nagelkerken and Connell 2015; Glecker et al. 2016; Henson et al. 2017) . Such changes are also affecting the deep ocean interior, as evidenced by increased deep-sea temperature (Purkey and Johnson 2010) , deoxygenation (Stramma et al. 2008 (Stramma et al. , 2012 Keeling, Körtzinger and Gruber 2010; Helm, Bindoff and Church 2011) , lowered pH (Byrne et al. 2010 ) and altered POC flux (i.e. food supply) to the seafloor (Ruhl and Smith 2004; Smith et al. 2013) .
The deep sea accounts for more than 95% of the volume of the world's oceans and provides services that are vitally important to the entire ocean and biosphere (Danovaro, Snelgrove and Tyler 2014; Thurber et al. 2014) , including carbon sequestration capacity, nutrient cycling and biomass production Danovaro, Snelgrove and Tyler 2014; Danovaro et al. 2015 Danovaro et al. , 2017b . The deep-sea ecosystems, including the benthic compartment, can be extremely vulnerable to climate changes occurring over relatively short timescales (Yasuhara et al. 2008 (Yasuhara et al. , 2014 (Yasuhara et al. , 2015 Moffit et al. 2015; Sweetman et al. 2017) . However, still little is known about the response of the deep-sea biota to such changes (Danovaro et al. 2001; Philippart et al. 2011; Levin and Le Bris 2015; Dunlop et al. 2016; Yasuhara and Danovaro 2016; Sweetman et al. 2017) .
Benthic deep-sea microbes represent a significant portion of the global biomass (Whitman, Coleman and Wiebe 1998; Kallmeyer et al. 2012; Danovaro et al. 2015; Cobián Güemes et al. 2016) and are key drivers of organic matter remineralization and nutrient regeneration, in turn influencing oceanic biogeochemical cycles and oceanic carbon sequestration capacity (Danovaro, Snelgrove and Tyler 2014) . Life at the deep seafloor is considered to be 'food limited', as it depends primarily on the export of organic material from the sunlit oceans (Smith et al. 2008) . Accordingly, the level of surface primary production and food supply to the seafloor can significantly influence the abundance, activity and diversity of benthic deep-sea microbes (Danovaro et al. 2001 (Danovaro et al. , 2016c Danovaro, Snelgrove and Tyler 2014; Witte et al. 2003; Smith et al. 2008; van Nugteren et al. 2009; Wei et al. 2010; Veit-Köhler et al. 2011; Zinger et al. 2011) . However, recent studies based on the metabolic theory highlight that the relative influence of chemical (i.e. food availability) and thermal energy (i.e. temperature) on deep-sea organisms varies considerably across levels of biological organization and that thermal energy has a major effect at lower levels of biological organization (McClain et al. 2012) . This suggests that changes in temperature at the deep seafloor could particularly affect the organisms at the lower trophic levels, including microbes. Moreover, even if current evidences are still scant and partially controversial, it can be expected that changes in oxygen concentration and pH due to global climate changes can also significantly influence benthic microbial assemblages (e.g. Braeckman et al. 2014; Rastelli et al., 2015 Rastelli et al., , 2016a Raulf et al. 2015; Wit et al. 2016; Jessen et al. 2017 ).
Here we provide an overview of the possible linkages between the present and projected shifts in the major environmental variables associated to current global change and the potential microbial response in benthic deep-sea ecosystems.
GLOBAL CHANGE AND DEEP-SEA ECOSYSTEMS
Over the past decades, the globally averaged land and ocean surface temperature has risen by 0.65
• C -1.06
• C (Pachauri et al. 2014) (Pachauri et al. 2014) . Also deep-water masses have increased their heat content by 16%-89% (Levitus et al. 2000) and in some regions deep-water masses are warming at rates of 0.005 (Purkey and Johnson 2010) with further significant increases expected by 2100 (Sweetman et al. 2017 and Table 1 ). Ocean warming, reducing oxygen solubility and ventilation from stratification and circulation changes, is determining ocean deoxygenation (Keeling, Körtzinger and Gruber 2010) . In the last decades, the global oceanic oxygen content has decreased by more than 2% and the marine anoxic areas have more than quadrupled (Schmidtko, Stramma and Visbeck 2017) . Moreover, a decrease of 0.03-0.05 mL oxygen L -1 is expected by 2100
at the deep seafloor, equivalent to a reduction of dissolved O 2 of 0.5%-3.7% (Sweetman et al. 2017 and Table 1 ). Rising atmospheric CO 2 concentrations and consequent increase in oceanic CO 2 uptake are the predominant factors driving ocean acidification, which involves a series of chemical changes in seawater, including elevated aqueous CO 2 and total inorganic carbon, as well as reduced pH, carbonate ion and calcium carbonate saturation states (Doney et al. 2009 ). Seasurface pH has dropped by 0.1 pH units since the preindustrial era (Pörtner et al. 2014) , and ocean acidification is expanding to the deeper water layers (Byrne et al. 2010) , with models predicting a pH decrease in diverse deep-sea ecosystems by 0.06 to 0.37 pH units by 2100 (Gehlen et al. 2014; Sweetman et al. 2017 and Table 1 ).
Warming of surface waters, leading to an increased stratification and reduced nutrient supply to the sunlit ocean, is expected to reduce primary productivity, also altering the diversity and size of photosynthetic primary producers (Smith et al. 2008; Morán et al. 2010 Morán et al. , 2015 . These changes are projected to 
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reduce carbon export to the ocean interior, leading to more severe food limitation at the deep seafloor (Bopp et al. 2005; Buesseler et al. 2007; Morán et al. 2010 Morán et al. , 2015 Steinacher et al. 2010; Henson, Sanders and Madsen 2012; Watling et al. 2013; Danovaro, Snelgrove and Tyler 2014) . This can have major consequences on deep-sea life, as the general decline in C flux expected by 2100 (Table 1) will possibly lead to global reductions in seafloor biomass . However, different deep-sea areas will likely experience opposed trends .
In fact, C fluxes are predicted to rise for up to 60% in the polar oceans due to the increased primary production triggered by longer ice-free periods (Arrigo, van Dijken and Pabi 2008; Comiso 2010; Steinacher et al. 2010 and Table 1) , and similar trends are also expected in upwelling regions . Notably, bottom-ice algae can significantly contribute to the total primary production in polar areas (Lizotte 2001; Boetius et al. 2013) . As such, the decrease in under-ice algal biomass in a scenario of ice melting and retreat could offset the projected increase in downward C export at high latitudes in the longer term. Overall, such effects of climate change on surface productivity will likely affect the benthic deep-sea ecosystems at major extent, even if direct changes in T, pH and O 2 concentration at the deep seafloor will be less marked when compared to those predicted for the surface oceans (Smith et al. 2008; Pörtner et al. 2014) .
MICROBES IN DEEP-SEA SEDIMENTS
The deep-sea ecosystems beneath 200 m water depth cover ca. 65% of the world's surface (Herring 2001; Thurber et al. 2014) , and the importance of benthic microbial biomass (including bacteria, archaea, microeukaryotes and viruses) relative to other seafloor components increases at greater depths up to more than 80% of the total biomass (Danovaro, Snelgrove and Tyler 2014; Danovaro et al. 2015) . As such, microbes inhabiting deepsea sediments play a pivotal role in C production (either heterotrophic or chemoautotrophic), nutrient cycling and energy transfer to the higher trophic levels (Jørgensen and Boetius 2007; Middelburg and Meysman 2007; Mason et al. 2009; Danovaro, Snelgrove and Tyler 2014) . A major portion of the total benthic bacteria, archaea and viruses inhabit deep-sea 'soft' sediments below 3000 m water depth, which represent >80% of the deep seafloor (Corinaldesi 2015; Danovaro et al. 2015; and Fig. 1) . Recent technological advancements are shedding light on the diversity and functioning of the microbial assemblages inhabiting the deep seafloor, and in the last years, high-throughput sequencing technologies have revealed that deep-sea ecosystems host highly diversified microbial assemblages (Sogin et al. 2006; Jørgensen and Boetius 2007; Lauro and Bartlett 2008; Zinger et al. 2011; Corinaldesi 2015; Danovaro et al. 2016a) . The majority of microbes in deep-sea sediments remain taxonomically unclassified (Scheckenbach et al. 2010; Zinger et al. 2011; Yoshida et al. 2013; Danovaro et al. 2016b) , suggesting that a vast portion of the global microbial diversity is still unknown (Danovaro et al. 2016b) . So far, there is evidence that deep-sea surface sediments host a high diversity of bacteria, including, among many others, Proteobacteria, Planctomycetes, Bacteroidetes, Acidobacteria, Actinomycetes, Chloroflexi, Nitrospirae, Gemmatimonadetes and Flavobacteria (Zinger et al. 2011; Walsh et al. 2016) . The first record of archaea in deep-sea sediments dates back to more than 15 years ago (Vetriani et al. 1999) , and initial studies suggested only a minor contribution of archaea to the total prokaryotic abundance in the oceans (e.g. Sahm and Berninger 1998; Ravenschlag, Sahm and Amann 2001) . Recently, archaea have been shown to equal bacterial abundance or even dominate in deep-sea waters beneath 1000 m depth (Karner, DeLong and Karl 2001) and in subsurface sediments (Biddle et al. 2006; Schippers and Neretin 2006; Lipp et al. 2008) , and their abundance is also high in oxygenated deep-sea soft-bottom sediments (Molari, Manini and Dell'Anno 2013; Danovaro et al. 2015 Danovaro et al. , 2016c . Generally, MG-I Thaumarchaeota (Brochier-Armanet et al. 2008 ) account for the majority of the archaeal assemblages in surface deep-sea sediments (Durbin and Teske 2010 , 2011 , Jørgensen et al. 2012 Nunoura et al. 2013; Danovaro et al. 2016b,c) . However, benthic archaeal assemblages can include other archaeal groups, including Marine Group II Euryarchaeota, Marine Benthic Group B and E, South African Gold Mine Euryarchaeotal Group, the Miscellaneous Crenarchaeotal Group and the DeepSea Archaeal Group (Orcutt et al. 2011; Danovaro et al. 2017c) . Microbial eukaryotes inhabiting deep-sea sediments have received less attention with the main exception of more frequent studies on foraminifera (Gooday, Nomaki and Kitazato 2008; Goineau and Gooday 2017) . Moreover, available information has been mainly acquired in specific habitats (e.g. hydrothermal vents, cold seeps and hypersaline anoxic basins; Edgcomb et al. 2002 Edgcomb et al. , 2009 Danovaro et al. 2010; Bernhard et al. 2014; Burgaud et al. 2014) . Data obtained so far suggest that the most abundant groups in deep-sea sediments are Alveolata, Euglenozoa, Heterokonta, Rhizaria, as well as likely novel taxa with no close representatives in genetic databases (Scheckenbach et al. 2010) . Estimating the quantitative relevance of microeukaryotes and their contribution to the overall biodiversity and functioning of deep-sea benthic ecosystems represent key challenges in marine biology and ecology (Corinaldesi 2015; Sinniger et al. 2016; Bochdansky, Clouse and Herndl 2017) . Benthic foraminifera can represent a large portion of the total benthic biomass and can be key heterotrophic components of benthic deep-sea assemblages . Different experimental studies have shown that forams can be responsible for high carbon ingestion rates (Witte et al. 2003; Moodley et al. 2005; Nomaki et al. 2008 Nomaki et al. , 2009 Woulds et al. 2009; Middelburg 2014) , and that different species selectively consume different types of food resources (Nomaki et al. 2006; Suhr and Pond 2006) . However, the overall quantitative role of heterotrophic unicellular eukaryotes in degradation processes remains largely understudied, both in the deep water column (Worden et al. 2015; Bochdansky, Clouse and Herndl 2017) and in deep-sea surface sediments (Corinaldesi 2015) . Recently, optimization of sampling and microscopic visualization methods have unveiled that eukaryotic microbes, principally fungi and labyrinthulomycetes, can account for an important fraction of the microbial biomass in deep waters (Bochdansky, Clouse and Herndl 2017) . These findings suggest that eukaryotic microbes may play a significant role in the functioning of deep oceans, posing new questions on their relevance in surface deep-sea sediments (Xu, Pang and Luo 2014; Corinaldesi 2015) and on the possible effects of global change on this microbial component, neglected so far.
Viruses are the most abundant biological entities of the biosphere and they can infect all the known life forms of the oceans, from the largest mammals to the smallest marine microbes. Since microbes are the predominant life forms in the oceans in terms of biomass, the virus-microbe interactions are relevant drivers of the ecosystem functioning on the global scale (Suttle 2007 (Suttle , 2016 , profoundly influencing microbial abundance, assemblage composition, metabolism, fitness and genetic features (Breitbart 2012; Luna et al. 2013; Danovaro et al. 2015; Hurwitz and U'Ren 2016; Rosenwasser et al. 2016) . Current estimates of the global viral abundance are in the order of 10 30 -10 31 viruses, outnumbering prokaryotes by at least one order of magnitude, also at abyssal depths (Danovaro et al. 2008 Cobián Güemes et al. 2016 ). Viral production rates are fast in deep-sea sediments, where viral infections are responsible for the abatement of >80% of the heterotrophic carbon production of bacteria and archaea, causing the release of ∼0.37-0.63 Gt C year
on a global scale (Danovaro et al. 2008 (Danovaro et al. , 2016b . Virus-induced cell lysis can transform living biomass into labile organic detritus, which can then be used again by other microbes, stimulating their growth and nutrient regeneration pathways and allowing the deep-sea ecosystems to cope with the severe food limitation (Suttle 2007; Danovaro et al. 2008 Danovaro et al. , 2016b Corinaldesi, Dell'Anno and Danovaro 2012; Corinaldesi et al. 2014) .
Exploring the genetic diversity of viruses in marine ecosystems is complex due to the difficulty in identifying conserved and taxonomically informative viral genes, and because most of the viral hosts escape cultivation (Edwards and Rohwer 2005; Schoenfeld et al. 2008) . The use of metagenomic approaches can improve our possibility to assess the viral diversity in marine ecosystems (Breitbart 2012; Roux et al. 2016) , and pioneer exploration suggests that benthic deep-sea ecosystems represent a hotspot of viral diversity (Yoshida et al. 2013; Tangherlini et al. 2016; Danovaro et al. 2016b ). Viruses of eukaryotes account for significant portion of the viral DNA sequences recovered from deep-sea sediments, suggesting that the interactions between viruses and (uni-or multicellular) eukaryotes might play important roles in benthic deep-sea ecosystems (Labonté and Suttle 2013; Yoshida et al. 2013; Tangherlini et al. 2016) . Such studies, indeed, showed the presence not only of phages mainly belonging to the order Caudovirales believed to infect bacteria and archaea (Angly et al. 2006; Rosario and Breitbart 2011; Hurwitz and Sullivan 2013) , but also of viruses belonging to Circoviridae infecting eukaryotes (Tangherlini et al. 2016) . Investigating the host range of viruses and the relative importance of different viral replication strategies Knowles et al. 2016; Howard-Varona et al. 2017; Rastelli et al. 2017) , as well as the response of virus-microbe interactions to global change, represent timely challenges for deep-sea microbial ecology, especially in deep-sea ecosystems (Danovaro et al. , 2016b (Danovaro et al. , 2017c .
BENTHIC DEEP-SEA RESPONSE TO ONGOING CLIMATE CHANGE SCENARIOS

Food supply
The current knowledge of the factors controlling the abundance and functions of the microbial assemblages in deep-sea sediments is limited, and this hampers understanding their ecology and possible responses to the ongoing global climate changes. Life in deep-sea ecosystems exploits limited and episodic food inputs (Middelburg 2011; Danovaro, Snelgrove and Tyler 2014) . Primary production and abiotic factors able to influence phytoplankton productivity and carbon export to the deep sea have the potential to limit and shape the distribution, biodiversity and activity of benthic microbes in the global ocean interior (Wei et al. 2010; Kallmeyer et al. 2012) .
Besides the availability of food resources, water depth has also been shown to correlate with benthic prokaryotic abundance and biomass at regional scale (Danovaro et al. 2000; Quéric, Soltwedel and Arntz 2004) , but not at global scale (Rex et al. 2006; Danovaro et al. 2008; Wei et al. 2010) . Trends for bacteria and archaea can be similar (Danovaro et al. 2016c) , even though the contribution of archaea to the overall microbial abundance can increase with increasing water depth, for still largely unknown reasons (Karner, DeLong and Karl 2001; Danovaro et al. 2015) .
Recent line of evidence also indicate the absence of bathymetric patterns for the concentration of biopolymeric C in the sediments (i.e. the fraction of the organic matter potentially more promptly utilized for nutrition by benthos, contained in proteins, lipids and carbohydrates; see Danovaro, Snelgrove and Tyler 2014) . Biopolymeric C concentrations as well as phytopigment contents (i.e. chlorophyll-a and phaeopigments of phytoplankton origin) are a proxy of trophic status, as they provide information on the food supply processes and organic compounds which can sustain benthic heterotrophs Middelburg and Meysman 2007; Pusceddu et al. 2009; Danovaro, Snelgrove and Tyler 2014) . The lack of clear water-depth-related global patterns for benthic bacteria, archaea and biopolymeric C allows us to hypothesize that the quantity and quality of the organic matter present in the sediments can influence prokaryotic distribution (Deming and Carpenter 2008; Danovaro, Snelgrove and Tyler 2014; Danovaro et al. 2015) .
A meta-analysis based on published data reveals the presence of a significant relationship between the abundance of bacteria or archaea and the biopolymeric C concentrations (used as proxy of the most bioavailable fraction of organic C for Rastelli et al. (2016c) . The equations of the fitting lines are (A), 9.2 × 10 7 X + 1.2 × 10 8 (n = 74; R 2 = 0.295; P < 0.001); (B), 5.4 × 10 7 X + 3.7 × 10 7 (n = 74; R 2 = 0.393; P < 0.001); (C) -1.3 × 10 7 X + 3.9 × 10 9 (n = 74; R 2 = 0.127; P < 0.01);
(D) -6.6 × 10 6 X + 1.9 × 10 9 (n = 74; R 2 = 0.128; P < 0.01).
heterotrophic consumers) in deep-sea sediments ( Fig. 2 and related references). Moreover, the spatial distribution of food sources in surface sediments (i.e. its accumulation at the sediment surface or dilution/mixing through the sediment matrix due to bioturbation) has been shown to influence their relative utilization by prokaryotes vs. eukaryotes (van Nugteren et al. 2009 ). These lines of evidence suggest that changes in the quantity and quality of the organic matter brought on by global change will likely have important consequences on the structure and distribution of deep-sea microbial assemblages, with profound implications on global biogeochemical cycles (Campanyà-Llovet, Snelgrove and Parrish 2017).
Temperature
Although the energy stored in the organic matter is a recognized driving factor for the biodiversity and functioning of the deep oceans (Smith et al. 2008; McClain et al. 2012 ), thermal energy can influence to a larger extent life at lower levels of biological organization (i.e. prokaryotes compared to metazoans; McClain et al. 2012) . In support of this, the abundance of bacteria or archaea in deep-sea sediments has been documented to be linked to bottom water temperatures over large spatial scales (Fig. 2) . Notably, the direct and indirect effects of T on benthic systems should be distinguished when interpreting such results.
Higher temperature of deep-sea waters could enhance degradation rates of settling organic particles, thus reducing the quantity and quality of C reaching the seafloor with potential cascade effects on benthic assemblages. This indirect effect might overrule the direct consequences of temperature increase at the seafloor on the organic matter degradation rates occurring in surface sediments, considered to virtually equal the organic matter deposition rates at present-day temperature conditions (Middelburg 2017) . Nonetheless, direct effect of warming on benthic deep-sea ecosystems may likely include changes in the composition of the microbial assemblages. For instance, MG-I Thaumarchaeota abundances can be particularly sensitive to temperature changes, while MG-II Euryarchaeota can be influenced to a larger extent by availability of food resources (Danovaro et al. 2016c ). As such, the different sensitivity of microbial taxa to the main environmental drivers might determine shift in microbial biodiversity or in the dominance of specific microbial components of the deep seafloor. Moreover, the effects of temperature depend on the different benthic components, so that global changes in the future could alter the deep-sea ecosystem functioning with differential impacts on macro-and microorganisms (McClain et al. 2012; Danovaro et al. 2016c) .
Oxygen
Changes in the functioning of the deep seafloor are also expected in response to ocean deoxygenation, since oxygen can influence survival, biodiversity and metabolism of local species (Vaquer-Sunyer and Duarte 2008; Rabalais et al. 2010) . Highly active and diverse microbial communities typically dominate the food webs under oxygen depletion (Wright, Konwar and Hallam 2012) , as the aerobically respiring eukaryotic metazoans are usually more affected than several groups of bacteria and archaea (Ulloa et al. 2012; Oikonomou, Pachiadaki and Stoeck 2014; Storch et al. 2014; Jessen et al. 2017) . Viruses can be highly abundant and infective for bacteria and archaea in oxygen-depleted pelagic and benthic ecosystems, while grazing by eukaryotes typically decreases (Weinbauer, Brettar and Hofle 2003; Danovaro et al. 2005; Corinaldesi, Dell'Anno and Danovaro 2007; Corinaldesi et al. 2014; Rastelli et al. 2016b) . Recent studies have reported that, both in pelagic and benthic oxygen-depleted systems, the viral abundance and production and virus-induced prokaryotic mortality can be higher than in oxygenated ecosystems, with a stimulatory effect by the labile carbon released through viral lysis on the microbial heterotrophic and chemoautotrophic metabolism (Rastelli et al. 2016b) .
pH
Ocean acidification has been considered so far a threat for organisms inhabiting the ocean surface (Pörtner et al. 2014) . However, current models predict that a significant decrease of seawater pH is also expected at bathyal depths from 200 down to 3000 m (Gehlen et al. 2014; Sweetman et al. 2017) . The effects of acidification on benthic deep-sea microbes are still largely unknown , virtually limited to a few studies on the impacts of decrease in pH following CO 2 leaks from deepsea carbon sequestration and storage activities (Ishida et al. 2005; Barry et al. 2013) . These studies, as well as similar investigations using mesocosm experiments or naturally acidified model systems, provided contrasting results on the possible effects of ocean acidification on benthic microbes (e.g. Laverock et al. 2013; Tait et al. 2013; Braeckman et al. 2014; Gazeau et al. 2014; Haynert et al. 2014; Queirós et al. 2014; Tait, Laverock and Widdicombe 2014; Rastelli et al. 2015 Rastelli et al. , 2016a Raulf et al. 2015; Hassenrück et al. 2016) . A possible decrease in the activity of heterotrophic microbes and viral production has been reported in acidified coastal sediments , with important consequences on ecosystem functioning and nutrient regeneration processes at the seafloor (Rastelli et al. , 2016a Fig. 3) . Some studies have reported shifts in the composition of microbial assemblages in acidified sediments (Raulf et al. 2015) , as well as an increase in the relative importance of archaeal over bacterial nitrifiers (Tait, Laverock and Widdicombe 2014) . However, other investigations have highlighted only minor or negligible effects of sediment acidification on the microbial community, possibly depending on the level of the pH-buffering capacity of the sediments and/or bioturbation by macrofauna Tait et al. 2013; Gazeau et al. 2014; Haynert et al. 2014; Watanabe et al. 2015) . Overall, additional studies on benthic ecosystems are clearly needed to better understand the microbial response to the projected decrease in pH due to global change, especially for the deep sea for which information is particularly scant. As suggested for coastal sediments (Hassenrück et al. 2016) , future studies on the effects of acidification on deep-sea sediment microbial communities should follow an ecosystem-based approach, considering a complete array of sediment and bottom water parameters to reduce possible confounding effects by environmental variables other than pH or pCO 2 . 
Biotic factors
Abiotic factors can explain a significant portion of the variance in oceanic biological parameters and processes (Zinger et al. 2011; Kallmeyer et al. 2012) . However, biotic factors also have a key role in shaping biodiversity and in regulating the functioning of marine ecosystems (Lima-Mendez et al. 2015; Worden et al. 2015; Rastelli et al. 2016b) . For example, viruses can influence the functioning of pelagic and benthic microbial food webs, with a profound impact on biogeochemical cycles and the diversity of microbial assemblages, both on short and evolutionary time scales (Roux et al. 2016; Suttle 2016; Rastelli et al. 2016b; Danovaro et al. 2016b) . The changes in environmental conditions brought on by climate change can have effects on marine viruses and virushost dynamics, and at the same time, the processes mediated by viruses can in turn influence the oceans' feedback on climate change (Danovaro et al. , 2017c . Food supply and temperature can be major drivers of the viral abundance and viral production patterns in the water column, and in different oceanic regions viruses can show different sensitivity to shifts in food availability and temperature . Global datasets have highlighted that virioplankton abundance increases with increasing food availability but it decreases with increasing temperature. However, viriobenthos patterns are unclear mainly due to the paucity of available data . The analysis of recently published results suggests that similar trends may apply to benthic deep-sea ecosystems. Total phytopigments correspond to the sum of chlorophyll-a and phaeopigments concentrations in the sediments. Temperature values are given in Kelvin (K). Data are from Dell'Anno, , Danovaro et al. (2016a) and Rastelli et al. (2016c) . The equations of the lines of best fit are (A) 3.7 × 10 6 X + 7.1 × 10 8 (n = 69; R 2 = 0.298; P < 0.01); (B) 3.1 × 10 5 X + 6.6 × 10 4 (n = 69; R2 = 0.248; P < 0.001); (C) -1.7 × 10 7 X + 5.7 × 10 9 (n = 114; R 2 = 0.056; P < 0.05); (D) -1.9 × 10 5 X + 7.9 × 10 5 (n = 114; R 2 = 0.0005; ns).
Indeed, significant and positive correlations can be found between viral abundance or production and the sediment trophic status (Dell'Anno, , Danovaro et al. 2016b , Rastelli et al. 2016c . As previously noticed for the water column ), a negative relationship is appreciable between viral abundance in deepsea sediments and bottom temperatures (Fig. 4) . However, this correlation is weak, suggesting minor direct effects of temperature shifts on virioplankton and viriobenthos distribution. This is consistent with the apparent lack of correlation between viral production rates and temperature in benthic ecosystems (Fig. 4) . Nonetheless, since viral replication depends on host metabolism, the impacts of global changes on the microbial hosts will also influence the virus-host interactions. Moreover, the possibility for concomitant multiple stressors or compensation mechanisms to mask significant effects of temperature on viruses (Gunderson, Armstrong and Stillman 2016) remains to be assessed. Recent findings indicate that viruses are key drivers of the microbial metabolism in benthic deep-sea ecosystems (Danovaro et al. 2008 (Danovaro et al. , 2016b Dell'Anno, Corinaldesi and Danovaro 2015) . In the oxygenated layer of the deep-sea sediments, archaeal nitrifiers are major contributors to the chemosynthesis rates (Middelburg 2011; Molari, Manini and Dell'Anno 2013) , and they are largely dependent on the oxidation of the ammonia supplied by heterotrophic processes (Francis et al. 2005; Wuchter et al. 2006) . These chemosynthetic processes driven by archaea can be more than 5-fold greater than expected by theoretical diagenetic models (Molari, Manini and Dell'Anno 2013) , and are tightly coupled with heterotrophic C production rates (Danovaro et al. 2016b; Fig. 5) . The labile organic C released by virus-induced cell lysis, as well as by virus decomposition, can stimulate the microbial heterotrophs, in turn enhancing nitrogen regeneration processes and ammoniadependent archaeal chemoautotrophic production (Danovaro et al. 2008 (Danovaro et al. , 2016b Dell'Anno, Corinaldesi and Danovaro 2015; Fig. 5) . Controlling up to 60% of the chemoautotrophic C production of archaea, viral infections can be fundamental drivers of the major primary production processes occurring in deep-sea sediments (Danovaro et al. 2016b) . Understanding the drivers of the virus-bacteria and virus-archaea dynamics able to influence the microbial-mediated CO 2 (consuming/producing) processes and the carbon storage capacity of the oceans will shed light on the response of this important ecosystem service to the ongoing global change (Danovaro et al. , 2016b (Danovaro et al. , 2017c .
CONCLUSIONS AND OUTLOOKS
The interactions among microbes (including virus-host dynamics) and between microbes and metazoans at the seafloor can be significantly influenced by the shifts in temperature, O 2 concentration, pH and food supply due to the ongoing global climate change. In turn, the microbial metabolism, through the production/respiration processes and their effects on the oceanic biological pump, can have feedbacks on the ocean ability to buffer the impacts of global change. The limited knowledge on the response of deep-sea microbes to these changes limits our ability to predict the magnitude of the impacts of global climate changes on the deep-sea ecosystems. We cannot actually anticipate whether the deep-sea microbes will respond by adapting and compensating the effects, as observed for the deep-sea fauna (Gambi et al. 2017) or if they will exacerbate the effects on ecosystem functioning. Different microbial domains/phyla show different sensitivity to changes in temperature, oxygen concentration, pH and food supply, suggesting that global change will have different effects depending on the groups of organisms considered (Danovaro et al. 2016c (Danovaro et al. , 2017a . Multiple impacts on deep-sea ecosystems caused by human activities may act synergistically and span extensive areas, but international law and national legislation largely ignore the deep sea's critical role in the functioning and buffering of planetary systems Van Dover et al. 2014; Caruso et al. 2016; Danovaro et al. 2017a) . We highlight here that the potential ecological impacts on deep-sea ecosystems are related not only to the increasing industrial exploitation of the deep ocean for natural resources (e.g. oil, gas, food, new molecules, minerals), but also to human activities contributing to the ongoing climate change. Cumulative impacts could cause regime shifts, altering deep-ocean life-support services largely dependent on microbes, such as C sequestration capacity and nutrient regeneration. This should be taken into consideration when optimizing ecosystem-based international strategies to protect the deep oceans (Danovaro et al. 2017a) . Overall, to better model the impacts of global change, we underlie the need to improve understanding on how the forecasted changes in temperature, pH, O 2 concentration and food supply will influence the diversity, distribution and functioning of benthic deep-sea microbes, which are fundamental to maintain the oceans, and in turn our Planet, healthy and productive.
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